It has been suggested that lateral specification of cell fate by Notch signaling depends on feedback on Notch (N) and Delta (Dl) transcription to establish reciprocal distributions of the receptor and its ligand at the protein level. In Drosophila neurogenesis the predicted reciprocal protein distributions have not been observed. Either this model of lateral specification or the description of N and/or Dl protein distributions must be incomplete. We have reexamined R8 photoreceptor specification in the developing eye to resolve this question for this example of lateral specification. N and Dl protein levels were assessed in the cell as a whole and at the cell surface, where these proteins were mostly found at the intercellular cell junctions. Protein levels did not correspond to Notch signaling in wild type. However, Dl transcription and protein levels did correlate with altered N signaling in mutant genotypes. Our findings suggest the difference relates to the speed of lateral specification in vivo. The time required for N signaling to inhibit ato expression was at most 90 min, but changes in the Dl protein distribution in mutant genotypes arose more slowly. N expression was little regulated by N signaling, but protein encoded by the N ts1 allele was temperature-sensitive for appearance at the cell surface. Some aspects of the pattern of Dl protein appeared to be due to endocytosis. We conclude that feedback of N signaling on Dl transcription does occur but is too slow to account for the pattern of R8 specification. Studies of ommatidia mosaic for a Notch duplication, or for the N ts1 allele at semi-restrictive temperatures, found that cells beginning with less N activity were not necessarily predisposed to be selected for R8 differentiation. Our data argue that other signals may be responsible for the pattern of R8 cell fate allocation by N. Potential relevance to other neurogenic regions is discussed.
Introduction
Activity of the transmembrane receptor protein Notch determines where neural precursor cells arise during development. Within competent proneural regions, neural precursor cells only develop from cells in which Notch signaling is inactive. Signaling by the receptor extinguishes proneural competence and prevents neural precursor cell determination in such cells (Artavanis-Tsakonas et al., 1995; Lewis, 1996) .
During nematode development there are examples where the pattern of activation of the Notch-like protein Lin-12 is simply explained by the expression of Lin-12 and its ligands. Signaling is activated in cells that express and also neighboring cells that express its ligands. Signaling does not occur in the cells expressing ligands, which do not express Lin-12. The two classes of cells (signal sending and signal receiving) arise based on the reciprocal distribution of the Lin-12 and ligand proteins. The distributions are a consequence of transcriptional regulation in which Lin-12 activity promotes its own expression and inhibits that of its ligand. This feedback loop leads neighboring cells into competition so that they adopt different patterns of gene expression, and hence fates, even if the initial gene expression levels are similar (Seydoux and Greenwald, 1989; Wilkinson et al., 1994; Fig. 1A) .
Recent studies have argued for similar control of neural precursor determination in Drosophila because several lines of evidence suggest that N signaling represses transcription of its ligand Delta, as Lin-12 does Lag-2 (Fig. 1B) . Proneural transcription factors encoded by the Achaete Scute gene Complex (AS-C) bind to sequences within the Delta gene promoter, and are required for Delta expression and function in vivo (Hinz et al., 1994; Kunisch et al., 1994; Heitzler et al., 1996) . AS-C function is inhibited by N signaling via expression of the inhibitory N target genes in the Enhancer of Split gene Complex (E(spl)-C; Jennings et al., 1994; de Celis et al., 1996) . Dl transcription is therefore expected to be repressed by Notch signaling (Kunisch et al., 1994; Heitzler et al., 1996) . However, these studies largely concern transcription in mutant genotypes, and corresponding asymmetries in Dl protein levels during normal development have not been reported.
In support of this model for neural determination, differences in the AS-C gene dose in mosaics bias the choice of neural cells during bristle development, suggesting that cells compete based on the amount of Dl transcribed (Cubas et al., 1991) . Bias also results from mosaicism for Suppressor of Hairless (Su(H)), the transcription factor mediating N activation of E(spl)-C (Schweisguth, 1995) . It has been concluded that the levels of all these components are assessed before neural cell fate determination, and that competition between proneural cells to transcribe the Delta and Notch genes determines the fate of particular cells (Kunisch et al., 1994; Heitzler et al., 1996; Fig. 1B) . It is notable, and unexplained, that effects of mosaicism for Dl, E(spl)-C, or Su(H) are about 100-fold less than for N (Heitzler and Simpson, 1991) .
The model that transcriptional regulation of Dl underlies lateral specification is surprising given prior descriptions of N and Dl transcript and protein distributions during neurogenesis, in which reciprocal receptor and ligand distributions were not seen (Hartley et al., 1987; Johansen et al., 1989; Kidd et al., 1989; Kopcyzynski and Muskavitch, 1989; Haenlin et al., 1990; Fehon et al., 1991; Thomas et al., 1991; Kooh et al., 1993; Baker and Zitron, 1995; Parks et al., 1995) . We wondered whether changes in Notch and Delta protein or RNA levels had been missed or obscured in some way. One problem specific to Drosophila is that the cells participating in lateral inhibition cannot be identified by their ancestry, so their precise position and developmental stage are hard to establish prior to cell determination. A second problem is that it does not seem to be known for how long reciprocal N and Dl distributions would be required. In this paper we sought to establish whether asymmetric N and Dl distributions occur but have previously been overlooked, or whether the model that transcriptional regulation of Dl underlies lateral specification is inadequate, and why this might be so.
The example of lateral specification chosen has been R8 photoreceptor specification in the developing retina. The progressive development of this tissue is an advantage because the position of future R8 cells can be approximated based on the position of existing R8 cells, and conversely the developmental stage of particular cells is implied by their position (Wolff and Ready, 1991) (Fig. 1) . A single proneural gene, atonal, is necessary for R8 determination (Jarman et al., 1994) , and the timing and N-dependence of R8 cell determination is understood in some detail . R8 determination shares many features with other instances of lateral specification. Specification occurs in the morphogenetic furrow which sweeps across the eye disc as differentiation advances from posterior to anterior. Transcription of ato begins in every cell, then resolves to 'intermediate groups' of cells (Jarman et al., 1995; Fig. 1C) . Spacing of the intermediate groups depends at least in part on the secreted protein scabrous (Lee et al., 1996) . N functions in each intermediate group to activate transcription of E(spl)-C genes and repress ato in all but one cell, which becomes the R8 cell precursor Dokucu (Wilkinson et al., 1994) . Lin12 signaling maintains lin12 expression but inhibits lag2 expression, eventually leading to expression of lin12 only. Similar regulation promotes the adjacent cell to express lag2 but does not maintain lin-12, so iterations of such regulation promote reciprocal fates for neighboring cells. (B) Regulation of Dl transcription by N signaling has been suggested to constitute part of a similar system in Drosophila neurogenesis (Kunisch et al., 1994; Heitzler et al., 1996) . N activates transcription of E(spl) genes by Su(H), in turn inhibiting proneural genes. Since proneural genes activate Dl transcription, Dl expression is expected to be inhibited by N signalling. For the Drosophila eye we demonstrate directly that such regulation occurs in vivo, via the R8 proneural gene ato. However, our results do not indicate a determinative role in R8 specification. We find that the proneural gene ato activates Dl, which signals to N in some cells only to activate Su(H) and E(spl), inhibiting ato in those cells. Dl levels change later, after cell fate specification has already occurred as indicated by the state of ato expression. (C) The timecourse of N signalling is clearly revealed by the progressive nature of eye development. Because eye differentiation proceeds from posterior to anterior across the retina, columns of R8 cells are specified at 2-h intervals, so that more posterior columns display successively later stages of differentiation. N signaling acts within 'intermediate groups' of cells, taking less than 2 h to repress atonal expression in all but one, which becomes an R8 precursor cell in column 0. The pattern of atonal expression is shown in Fig.  5A . et al., 1996) . Dl is also required (Lee et al., 1996) . Single R8 cells are defined within column 0, and cell morphologies change to reflect the onset of ommatidium differentiation. Modulations of N and Dl expression occur at about the same time (Baker and Zitron, 1995; Jarman et al., 1995) .
Distributions of N and Dl proteins during eye development have been described before (Johansen et al., 1989; Kidd et al., 1989; Baker and Zitron, 1995; Parks et al., 1995) . Notch protein is detected in all eye disc cells with the possible exception of those undergoing mitosis ( Fig.  2A) . Levels are elevated ahead of the morphogenetic furrow. Later, levels drop and there appear to be modest differences between cells by column 0, with higher levels in the arcs of cells that will give rise to photoreceptors, including the R8 precursor cell (Fig. 2B) . Levels seem to become slightly reduced in R8 cells by column 1 or column 2, which is 3-6 h after R8 specification has occurred. Delta protein is just detectable ahead of the furrow (Fig. 2C) . Levels rise sharply in groups of cells in column 0, including the R8 cell, and drop in the intervening cells. Subsequently, Dl protein levels are low in R8 cells of columns 1-3 (Fig. 2D) . Thus according to published descriptions N and Dl are neither reciprocal nor reflect the inferred inactivity of N in R8 precursor cells, as N protein levels are high in R8 cell precursors, Dl levels are just as high in cells inhibited from the R8 fate as in the R8 precursor cells and drop to low levels in the R8 cells of columns 1-3 (Baker and Zitron, 1995) . If correct, these descriptions challenge the model that regulation of Dl transcription is responsible for selecting R8 cells.
Here we reexamine N and Dl protein levels in more detail, but largely confirm prior studies, even when protein levels at the cell surface were measured directly with a new method. We used mutants to control the time or number of R8 cell specifications as an aid to identification, and still did not observe the predicted changes in N or Dl distributions. We used a temperature-sensitive Notch mutation to estimate the time necessary for N to repress proneural gene expression, and showed directly that changes in N and Dl did not occur within this time. For R8 specification, our results seemed to rule out the model shown in Fig. 1A . However, in mutants N activity was found to repress Dl transcription just as has been reported for other tissues, and this was reflected in Dl protein levels also. We found that Dl levels changed too slowly to be responsible for the pattern of N signaling and are more likely to be a response to it. Hence we suggest an alternative explanation for regulation of Dl expression that does not determine the pattern of R8 specification, and which might also apply to other examples of lateral specification. Finally, we report results of mosaic analysis which indicated that N levels were not assessed prior to R8 specification, which consequently does not result from competition to transcribe the Dl or N genes.
Results

Expression of Notch and Delta proteins on cell surfaces in the morphogenetic furrow
Presumably it is quantities of proteins at the cell surface that are most important for intercellular signaling. We sought to measure cell surface levels of N and Dl directly by immunochemistry in the absence of detergent (Fig. 3) . In support of the technique, a monoclonal antibody specific for the extracellular domain of N labeled apical cell surfaces without detergent (Fig. 3A) . By contrast, a monoclonal antibody specific for the intracellular domain did not (not shown), and an antibody specific for the transmembrane boss protein detected only protein at the R8 cell surface and not after endocytosis into R7 cells (Fig. 3C,D) . Dl protein was similarly detected at the cell surface using a Dl monoclonal antibody (Fig. 3B) .
Both N and Dl proteins were concentrated near the adherens junction zones and the cell surface distribution of both proteins revealed apical cell morphology with high resolution, comparable with that observed using the more difficult lead sulfide staining method (Wolff and Ready, 1991) . Cell surface N levels are slightly higher ahead of the furrow but subsequently appear similar on most non-dividing cells (Fig. 3A ,E,G,I,K).
Dl protein first appears on cell surfaces just ahead of the furrow (Fig. 3B ) and becomes elevated in column 0 on the posterior cells of the so-called rosettes, including the future photoreceptors and the posterior core cell (Fig.  3F ,H,J,L). At no stage did the R8 cell surface expose much greater amounts of Dl than its neighbors (Fig.  3B,F) . In summary, previous descriptions of N and Dl levels in cells as a whole were largely confirmed by direct study of cell surface protein available for extracellular interaction. N and Dl did not appear reciprocal at the apical surface, and neither appeared regulated in specific cells prior to R8 specification.
Gene expression during ectopic R8 cell differentiation
Higher Dl levels and lower levels of N have not been found for R8 precursor cells. However, differences might be difficult to identify prior to R8 cell determination, when R8 precursor cells cannot yet be identified independently. This problem should be lessened in N ts1 , where inhibition of N function leads to clusters of around ten R8 cells. Clusters of ten or so cells expressing higher levels of Dl, and perhaps lower levels of N, should be readily apparent. N ts1 was examined after 2 h at the restrictive temperature, at which is not yet identifiable by morphology, nor do they apparently lack surface N. The arrow indicates cells that may define the core of a 'rosette' arrangement that is sometimes seen at this stage. For a description of cell morphologies at the rosette and later stages see Wolff and Ready (1991) . ( time one column of ommatidia has developed with the extra R8 cells . Changes in cell morphology were associated with an altered pattern of development, but not cell clusters reciprocally expressing N or Dl (Fig. 4) . This implies that lack of a pattern in wild type cannot simply be attributed to fact that R8 cells are in the minority.
Estimate for the speed of lateral inhibition
It was possible that different levels of N signaling might direct cells to distinct cell fates in a very short time. Very transient changes in N and Dl levels might easily have been missed. This might explain the failure to observe asymmetric N and Dl distributions.
We sought to estimate the minimum time for which N function was required to repress ato expression. Normally, ato is expressed in intermediate groups for 90 min before individual R8 cells are selected (Jarman et al., 1995; Baker et al., 1996; Dokucu et al., 1996) . To assess for how long N function is required, N ts1 eye discs were allowed to develop at the restrictive temperature for 2 h. As a consequence, one column of intermediate groups fails to resolve and maintains ato expression (Fig. 5A,B) . It was found previously that ectopic ato expression was almost completely repressed after a return to the permissive temperature . In the present experiment the permissive temperature was restored after 2 h at the restrictive temperature and numbers of ato-expressing cells in each cluster counted and the means plotted graphically to determine how long repression took (Fig. 5E,H) . The extra R8 cells continued to express ato after 60 min at the permissive temperature (Fig.  5C ), but after 90 min many cells had lost ato expression and others were fading (Fig. 5D) . Thus, N took about 90 min to repress ato expression, starting from the restrictive temperature (Fig. 5E ).
In the above experiment, the time taken to repress ato expression may not reflect only N function. Transduction of signals to the nucleus, repression of the ato gene, and loss of the ato protein from inhibited cells may take significant time. In a further experiment, N ts1 larvae were kept at the restrictive temperature for 4 h interrupted by a shorter period at the permissive temperature. It appeared that 20 min at the permissive temperature, when followed by a further period at the restrictive temperature, was sufficient to repress ato ( Fig. 5F-H) . Taken together, these results suggest that recovery of a pattern of N activity takes 20-90 min at the permissive temperature.
While our data suggest differences in N and Dl levels should be maintained long enough to be visible by immunohistochemistry, temperature-sensitive periods cannot be equated with protein function unless the mechanism of temperature sensitivity is known, so it is possible that N signaling is fast in wild type but delayed in N ts experiments by replacing defective protein and transducing signals to the nucleus. However, these processes are also integral to the proposed model for lateral specification shown in Fig. 1B , so if they are slow this should also mean that distinct N and Dl levels can be detectable by immunohistochemistry.
Regulation of Delta expression by Notch signaling
The symmetric N and Dl protein distributions found during R8 specification questioned whether regulated Dl transcription could be responsible for R8 cell patterning. It was possible that regulation of Dl expression by N might not occur in the eye as has been inferred for other tissues. To address this question, we examined Dl protein distribution in gain and loss of function N genotypes, and in a loss of function Dl genotype (Fig. 6) . In fact N signaling was found to regulate Dl transcription, and this was also reflected at the protein level. When N signaling was activated constitutively by ubiquitous expression of the N intracellular domain (N intra ), Dl protein levels were reduced (Fig. 6A,B) . After 4 h little Dl protein remained. Conversely, when N signaling was reduced in the N ts1 mutant at the restrictive temperature, Dl levels were elevated within 4 h (Fig. 6C) . The changes in Dl protein levels were also reflected at the cell surface (data not shown).
N signaling was also reduced in the temperature sensitive genotype Dl RF /Dl
6B
. Dl protein levels were again elevated (Fig. 6D ). Together these findings indicate that N signaling represses levels of Dl protein.
An enhancer-trap insertion at the Dl locus reproduces the main early features of Dl protein expression (Fig. 2E) , and was used to test whether Dl transcription was regulated by N signaling. Expression of b-galactosidase was reduced after N intra expression and increased in N ts1 , indicating that regulation of Dl can occur at the transcriptional level (Fig. 6E-G) . However, b-galactosidase levels were affected less dramatically than levels of Dl protein. This may be a consequence of greater stability of b-galactosidase, or may indicate a post-translational component to Dl regulation. As Dl transcription is regulated by AS-C genes, Dl protein was also examined in ato mutant eye discs. Little Dl protein could be detected posterior to the furrow, indicating that most Dl expression depends on ato function (Fig. 6H) . As ato is not expressed in most of these cells, some of the dependence of Dl on ato function must be indirect (see Section 3).
Regulation of Notch expression by Notch signaling
N protein levels were examined after N intra expression. A monoclonal antibody for the extracellular domain only detected the product of the endogenous gene. Levels of endogenous N protein did not appear greatly changed by N intra expression, either at the cell surface or at the level of the whole cell (Fig. 7 A,B,D,E) .
At the restrictive temperature N ts1 mutants showed a modest reduction in N expression in the whole cell (Fig. 7C ), but at the apical cell surface the effect was dramatic. Most surface N was lost within 4 h (Fig. 7F) . Loss of cell surface N protein might indicate reduced N transcription, or might indicate a direct effect of the N ts1 mutation on the subcellular protein localization. These possibilities were distinguished in two further experiments. Firstly, N expression was examined after reduction of Dl function, and only showed a small Comparable specimen exposed to the permissive temperature for 60 min halfway through the treatment (i.e. 2 h at the restrictive temperature, 60 min at the permissive temperature, 60 min at the restrictive temperature). Most ectopic ato expression has been lost (bracketed region). Repression is more complete than after 60 min at the permissive temperature, showing that loss of ato expression continues after the shift back up to the restrictive temperature (compare with (C)). (H) Size of ato-expressing clusters after 4 h, plotted against time spent at the permissive temperature. Recovery is half complete when 20 min is spent at the permissive temperature. reduction of N protein levels (Fig. 7G) . Secondly, N transcript accumulation was examined directly by in situ hybridization of wild type and N ts eye discs, with little difference being found (Fig. 7H,I ). Together these findings indicate that N protein levels were not strongly dependent on N or Dl function, except that at the restrictive temperature the N ts protein does not accumulate normally at the cell surface. There may be some reduction in N in the Dl ts genotype indicating that a component of N expression levels might be affected by N signaling.
R8 selection in mosaic ommatidial preclusters expressing different levels of N
As the pattern of N signaling appeared uncorrelated with N or Dl protein levels, it seemed questionable whether these protein levels were assessed to establish the pattern of signaling. Mosaics differing in N gene dosage were induced to investigate this for the eye. Mosaic preclusters (ommatidia for which the R2, R3, R4, R5, and R8 cells were not of the same genotype) were analyzed to reveal any effect of initial levels of N expression. If R8 cell specification could be initiated by small relative differences in N signaling, R8 cells should be selected from cells with lower N gene doses. Instead, we found R8 cells diploid for the N locus in only 35% of mosaic preclusters also containing triplo-N or tetraplo-N cells (Table 1) .
Larger differences in N activity were assessed using N ts1 . N ts mosaics were analyzed at various temperatures. At 25°C, N ts homozygous cells contributed to normal retinal structures, and were not preferentially selected as R8 cells in mosaics (Table 2) . Some ommatidia were abnormally constructed in N ts homozygous clones reared at 27°C (Fig. 8 ), but N ts homozygous cells were selected as R8 in only 67% of normal, mosaic preclusters ( Table 2) .
The N dose and N ts mosaics were also analyzed by considering only ommatidia where adjacent R8, R2 and R5 cells differed in genotype, finding no evidence for effects on R8 selection (Tables 1 and 2 ). Modest differences in mosaic preclusters, slightly favoring triplo-N R8 cells over diplo-N, and slightly favoring N ts homozygous cells at 27°C, were not repeatable in R2/R8/R5 mosaics and may not be signif- Statistical significance for the low number of diplo-N R8 cells (35%) is difficult to assess because the result differs from 50% in the unexpected direction. A much smaller bias was seen when only mosaic R8/R2/R5 triplets were examined. The number of N ts R8 cells at 27°C (67%) was significantly different from 50% at the 5% level but not at the 1% level (binomial distribution). It was not significantly different from the mean number of other N ts photoreceptors (56%), and no bias was seen when only mosaic R2/R5/R8 triplets were examined.
icant (Tables 1 and 2 ). These data indicated that relative N function was not compared by neighboring proneural cells to select the R8 precursor.
Discussion
It has been suggested that the asymmetry of N signaling during lateral specification results from different levels of Dl transcription amongst the participating cells (Fig. 1B) . Such a model seems to be in conflict with observations of uniform Dl protein levels in proneural regions. To try to resolve this conflict we reexamined N and Dl expression in the morphogenetic furrow of the eye disc but confirmed the published conclusion of ubiquitous N and Dl expression. This led us to question whether Dl transcription was repressed by N signaling in the eye as has been inferred during embryonic neural development and in the development of bristle organs, but Dl levels were found to change in mutant genotypes as expected if Dl was repressed by N signaling. However, this regulation occurred more slowly than specification of R8 cell fate and we suspect it is not responsible for fate allocation. We argue below that regulation of Dl levels by N signaling is not necessarily evidence for a role in cell fate specification in other tissues either. Mosaic analysis distinguished between remaining models for R8 specification and suggested that other signals may be involved.
N and Dl are not reciprocally distributed in the Drosophila eye
We considered the possibility that different N and Dl levels might arise but have been missed if protein levels in whole cells did not reflect those on the cell surface, if very few cells were affected, or if changes were very transient. We have examined each possibility, and report that R8 precursor cells express neither more Dl nor less N than their neighbors, even when only protein actually on the cell surface is assessed. This is true even when the number of R8 precursor cells is increased using the N ts mutant, minimizing the risk of overlooking them. The temperature-sensitive period for ato repression approaches the entire 90 min for which intermediate groups of ato-expressing cells persist in normal development. These experiments indicate that if differential N and Dl protein distributions were the basis for the polarity of N signaling, such differences should be detected by immunocytochemistry. No such differences have been observed, evidence that the polarity of N signaling during R8 selection is not caused by reciprocal distributions of N and Dl proteins. It should be noted that possible important roles of small differences between cells, or in the ratio of N and Dl expression in each cell, cannot be excluded by our experiments.
Dl is regulated by N signaling, after R8 specification
Dl shows a complex expression pattern in eye discs including many cell types (Parks et al., 1995) . Only early aspects could be regulated directly by ato. Once ato becomes R8-specific Dl expression must be initiated or maintained in other cells by other factors. These may include other bHLH proteins, since the bHLH partner daughterless has a role in all photoreceptor cells (Brown et al., 1996) . Such expression would depend indirectly on ato function which is required in R8 cells for recruitment of the other photoreceptors (Jarman et al., 1994) . Although it is possible that N signaling may directly regulate some of these factors, we concentrated on the early Dl expression that may be controlled by ato during R8 specification. Conditional expression of N intra for 4 h, or inhibition of N or Dl function for 4 h, have been shown to decrease or increase ato expression and R8 specification dramatically, through changes in ato expression in cells emerging from the furrow Lee et al., 1996) . In these mutant genotypes we demonstrated repression of Dl by N intra and depression by N ts or Dl ts , in the same cells where R8 specification is changed (Fig. 6) . These results are similar to those reported for other proneural regions and used as the basis for the model that levels of Dl protein determine asymmetry of N signaling (Kunisch et al., 1994; Heitzler et al., 1996) .
The reason that Dl protein levels nevertheless remain similar in eye cells either sending or receiving signals through N may be that in wild type regulation of Dl levels occurs more slowly than lateral specification of R8 cell fate. We suggest that the delay is simply a consequence of the kinetics of synthesis. As the Dl primary transcript is 24 kb (Vassin et al., 1987; Kopczynski et al., 1988) , transcription at 1.1-1.4 kb/min (Thummel et al., 1990; Irvine et al., 1991; Shermoen and O'Farrell, 1991) would require 17-22 min. Transit through the secretory pathway take about 30 min in Drosophila as in mammalian cells (Lee et al., 1996) . Thus, if Dl transcription changed in response to altered ato expression, Dl protein levels at the cell surface could not begin to respond until at least 50 min subsequently (at a minimum). A similar calculation estimates a minimum of about 60 min for N synthesis. These estimates are consistent with our observations that protein levels change several hours after restrictive treatments of conditional mutants. Even if N signaling levels were to fluctuate between cells immediately intermediate groups formed, there would just be time for cell surface levels of the proteins to change in response before R8 specification occurred, and not sufficient time for multiple rounds of feedback.
The time taken to change Dl protein levels may explain aspects of the Dl expression pattern. High Dl levels in groups of five or six cells in column 0 (Fig. 6 ) correspond to the posterior 'rosette' cells and probably derive from the posterior of the intermediate groups where ato is expressed longest. Conversely, levels dropped in intervening cells after ato was lost. These aspects of the Dl pattern resembled the ato pattern of 1-2 h previously and may reflect atodependent transcription of Dl. Unlike ato, Dl does not become R8-specific, and this must indicate transcription in response to other genes posterior to the furrow, as discussed above.
If regulation of Dl expression is too slow to contribute to R8 specification, what is its purpose? We think that, since Dl is required in proneural regions, this is sufficient reason for it to be transcribed in response to proneural genes. Then Dl transcription should follow changes in proneural gene expression, whether or not this occurs in time to feed back on N signaling in wild type. Dl may change in time to contribute to the pattern of signaling, as inferred for lag-2 in the C. elegans gonad, or it may not, as we observe for R8 specification. In our view demonstration of changes in Dl transcription as a consequence of changes in proneural genes is not necessarily sufficient to establish an upstream role for Dl levels in establishing patterns of cell fate, unless it is found that cell fates are still labile by the time Dl protein levels change.
Downregulation of Delta protein from specified R8 cells
Since Dl was repressed by N activity, it was surprising that Dl levels became reduced in wild type R8 cells, in which N is inactive (Fig. 2) . What was responsible for loss of the Dl protein from R8 cells? Interestingly, this loss did not correlate with cell type because Dl was not lost from the many ectopic R8 cells formed in N ts1 mutants (Fig. 6) . We also found Dl protein retained in R8 cells in the Dl ts genotype (Fig. 6D) . Downregulation of Dl protein from R8 cells appears to require N and Dl directly and not as an indirect consequence of cell fate specification. Accumulation at the cell surface has previously been interpreted as failure of mutant Dl protein to be endocytosed (Parks et al., 1995) , and we find that Dl also accumulates in R8 cells from shibere ts mutants, which are defective in endocytosis (unpublished data). Since even wild type Dl accumulates in N ts1 mutants, endocytosis of Dl is likely to require interaction with N. These results suggest that after R8 determination, in columns 1-3, endocytosis of Dl protein bound to N is sufficient to deplete Dl levels in the R8 cells.
N ts1 is temperature-sensitive for function and exposure on the cell surface
We found no major role for autoregulation of Notch transcription although some component of N expression may be autoregulatory. Loss of N from the cell surface in N ts1 probably reflects altered distribution of the N ts protein rather than altered transcription (see also Xu et al., 1992) . We conclude that N ts is temperature sensitive for transport to and/or for stability at the cell surface. In addition, N ts protein must be temperature sensitive for function even at the cell surface because neurogenic phenotypes are apparent before surface protein is lost (e.g. compare Fig. 4D and Fig. 5B ).
N signaling may not initiate the pattern of R8 specification
In some equivalence groups, small differences between the cells lead to competitive selection of a single signaling cell (Seydoux and Greenwald, 1989; Heitzler and Simpson, 1991) . Lack of asymmetric Dl expression during R8 specification did not rule out competition by post-translational control mechanisms. However, mosaic experiments did not support such a scheme. Diplo-N cells were not more likely than their triplo-N neighbors to be selected as R8. In N ts mosaics, wild type R8 cells could be selected even when their neighbors were mutant. Our results are inconsistent with the notion that small fluctuations in N signaling levels between equivalent cells are assessed and initiate the process of R8 selection.
The alternatives are 2-fold. Differences in N signaling might lead to fate specification directly without amplification, i.e. 'mutual inhibition' (Muskavitch, 1994) . Cells would race, rather than compete, to reach a threshold of ato function and Dl expression. The winning cell would then inhibit its neighbors whatever their relative levels of N expression. This is plausible because a single R8 differentiates from each intermediate group, so interaction between R8 cells is not required. However, the potential problem of multiple R8 cells achieving the threshold before inhibition can occur seems significant. Another possibility is that competition occurs but the result is rigged to predispose a particular cell to be selected as R8 through a bias to pre-vent N signaling from occurring in one cell or ensure that active ligand is first produced in one cell, and that this bias is too strong to be influenced by changing N gene dose. Other genes are known where mutations affect the R8 pattern and may constitute a second signal. These include the EGF receptor, where certain alleles can block R8 specification (Baker and Rubin, 1989; Baker and Rubin, 1992; Xu and Rubin, 1993) , the secreted protein scabrous (Baker and Zitron, 1995; Lee et al., 1996) , or the homeodomain protein rough (Dokucu et al., 1996) . It is also possible that lingering effects of any prior N signaling in the same cells might render them unequal in a competition to become R8 (Baker and Yu, 1997) .
Comparisons between equivalence groups
In the C. elegans gonad, competition between lin-12 and lag-2 transcription leads to reciprocal distributions of the two proteins and to cell fate specification. Here, we report that R8 specification in the Drosophila eye does not use the same mechanism. There is no reciprocal relationship between N and Dl protein distributions. Although feedback amplification of differences in N signaling could have occurred post-translationally, it turned out that R8 cell selection was not biased by differences in N gene dose (Fig. 1) .
Two other equivalence groups in Drosophila give rise to the neuroblasts of the embryonic central nervous system and the bristles of the adult epidermis. During bristle determination in mosaics, N diploid cells are selected over N triploid cells 100% of the time, so competition between cells with different levels of N signaling must determine the pattern of bristle selection (Heitzler and Simpson, 1991) . This had been attributed to changing levels of Dl transcription in response to N signaling (Heitzler et al., 1996) . However, alterations of Dl protein levels have not been demonstrated directly and our data argues that they can be a late response to the pattern of N signaling. In the embryonic nervous system, N and Dl are uniformly distributed, and it has recently been reported that unregulated expression of either is sufficient for neural cell selection (Seugnet et al., 1997) . Either post-translational competition between N and Dl function must occur, or like the eye, mutual repression or a predisposing heterogeneity must select particular neural cells. 
Experimental procedures
Antibodies
Antibody stainings were performed as described (Baker and Zitron, 1995) . For some experiments osmium tetroxide postfixation was omitted to permit more direct comparison of diaminobenzidene reactions. To label cell surface proteins, fixation and peripodial membrane removal were followed by antibody incubations and washes in 0.1 M NaPO 4 pH 7.2, 0.1% bovine serum albumin. Monoclonal antibody 40-1a, specific for b-galactosidase, was developed by J.R. Sanes and maintained by the DSHB (Department of Pharmacology and Molecular Sciences, Johns Hopkins University School of Medicine, Baltimore, MD and Department of Biological Sciences, University of Iowa, Iowa City, IA). The Dl antibody was mAb202, specific for the extracellular domain (Parks et al., 1995) . The N intracellular domain antibody was mAbC17.9C6 (Fehon et al., 1990) . The N extracellular domain antibody was mAbC458.2H (Diederich et al., 1994) .
Conditional treatments
Heat shocks were performed at 38°C (water bath) for 40 min. N ts1 larvae were incubated at 31.1-31.5°C in an incubator. The permissive temperature was 25°C. To estimate the speed of lateral inhibition (Fig. 5 ) larvae were exposed to restrictive temperatures in microfuge tubes and downshifted by transfer to vials pre-chilled to 18°C. For the short permissive treatments shown in Fig. 5H larvae were cooled on ice for 15 s prior to downshift. Times of shifts have been adjusted to account for 2-fold slower development at 18°C (Baker and Zitron, 1995) .
In situ hybridizations
Hybridizations to eye discs from N ts1 or Oregon R larvae, fixed after 3.5 h at 31.5°C, were performed as described (Cubas et al., 1991) . A digoxygenin-labelled DNA probe was synthesized (Boehringer) using the EcoRI-XhoI Notch DNA fragment from pDEGF .
Mosaic analysis
For the N gene dose experiment, Dp(1;1)Co males showing the Confluens phenotype were mated with w females, the progeny irradiated (1200 rad, 36-60 h after egg laying), and females with clones fixed and embedded for sectioning as described (Baker and Rubin, 1992) . For the N ts experiment, w N ts /FM6 females were mated with Canton S males and female offspring with clones fixed and sectioned.
